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There is an immense effort in search for various types of Weyl semimetals, of which the most
fundamental phase consists of the minimal number of, i.e. two Weyl points. Such fundamental
Weyl phase is of peculiar importance and, however, has not been observed due to the lack of reliable
quantum material or feasible scheme for the realization and detection. Here we solve the existing
challenges and demonstrate how the fundamental Weyl semimetal is realized with a maneuverable
optical Raman lattice which is completely accessible in the experiment. Moreover, we propose
the highly feasible technique to resolve the 3D band topology of the Weyl semimetal via only 2D
measurements, with which the configuration of Weyl points can be precisely identified. This work
is leading to the realization and detection of the most fundamental phase in Weyl semimetal family.
Introduction.–Weyl fermion, as a cousin of photon, is a
massless particle with definite chirality [1]. While it has
not been identified as a fundamental particle in nature,
the Weyl fermion can emerge as low energy quasiparticle
in the Weyl semimetals, which have been widely observed
in solid state matter [2–5], also meta-material [6–8], and
generated considerable interests in the recent years [9]. In
the crystal the Fermion doubling ensures that the Weyl
points come in pairs, with two Weyl nodes in each pair
having opposite chiralities [10, 11]. Thus the minimal
number of Weyl points in a semimetal is two, and such
minimal case renders the most fundamental phase in the
Weyl semimetal family, dubbed the fundamental Weyl
semimetal (FWS) for convenience. TheWeyl nodes in the
FWS are not symmetry-related, and all basic symmetries
in the FWS can be broken [9].
The FWS phase has peculiar importance compared
with other Weyl phases with more Weyl points. As pro-
tected soley by chiral Chern numbers, the twoWeyl nodes
of opposite chiralities [12] in the FWS cannot be triv-
ially gapped out by perturbations or interactions. This
leads to an important consequence that any interacting
phase born from FWS has to be topologically nontrivial,
being either gapless with new topological Weyl points,
or gapped with exotic bulk topology. For example, the
superconducting phase with pairing between two differ-
ent Weyl cones gives a gapless Weyl superconductor [13–
16]. Further, the Fulde-Ferrell-Larkin-Ovchinnikov pair-
ing order within each Weyl cone in the FWS renders
more exotic gapped phases exhibiting emergent space-
time supersymmetry [17] or hosting non-Abelian Majo-
rana modes protected by emergent second Chern num-
bers [18]. The similar exotic excitonic phases in the FWS
with repulsive interactions have also been predicted [19].
In contrast, an interacting phase generated from Weyl
semimetal with four or more Weyl points can be either
topological or trivial, since each two Weyl cones of the
same chirality can be trivially gapped out with e.g. con-
ventional superconducting pairings [20–22].
Albeit having great importance, the FWS has yet to
be realized. The very recent success in observing mag-
netic Weyl semimetals comes closer to realizing FWS in
solids [23–25], while challenges still exist due to the com-
plexity of solid materials. Progresses have been also made
in simulating topological states in ultracold atoms [26–
31]. However, to achieve the FWS in ultracold atoms
faces the challenges not only in realizing 3D spin-orbit
coupling, which is not yet available, but also in measur-
ing 3D phases [32–38]. Thus realizing the FWS phase
is still an outstanding unresolved task. In this work, we
solve all the challenges and design a novel lattice scheme
to realize the FWS, and propose experimental techniques
to detect its 3D band topology based on only 2D measure-
ments. Realization of the FWS can provide a promising
platform to explore novel interacting topological states.
The model of realization.–We start with the model of
3D Weyl semimetal that we propose to realize via a
novel optical Raman lattice scheme. The essential in-
gredients of realizing the Weyl Hamiltonian include a
configuration-tunable 3D optical lattice and periodic Ra-
man potentials which are superposed on and have non-
trivial relative symmetries with respect to the lattice, as
illustrated in Fig. 1(a-c). The lattice and Raman poten-
tials couple the spin states |g↑,↓〉 which are two Zeeman-
split ground hyperfine levels of atoms. The laser beam
(Ex) incident along the x direction has polarizations in
y-z plane, and then is reflected by three mirrors to create
orthogonal standing waves [Fig. 1(a)]. Two quarter-wave
plates (QWPs) are applied to induce pi/2 phase shift by
each between the in-plane (x, y) and out-of-plane (z) po-
larization components, respectively with the strengths
Exy and Exz. The electric fields of the x − y plane
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Figure 1: (a) Generic laser setup for the realization, with spin states quantized by external magnetic field in the x direction..
A beam (Ex) with y and z polarization components (shown in red) is incident along the +x direction and then reflected
and retraced orthogonally through two quarter-wave-plates to form a square lattice in the diagonal directions of x − y plane:
x′ = (x− y)/√2 and y′ = (x+ y)/√2 [the bottom layer of (c)]. A standing-wave beam of slightly higher frequency (shown in
blue) is applied and forms the lattice in the z direction. (b) Two Raman-transitions between the two ground spin states are also
induced by the red and blue beams whose frequency difference matches the Zeeman splitting, forming 3D Raman potentials.
(c) Illustration of the configurations of the lattice and Raman potentials in x− y plane. (d) Phase diagrams and the number N
of bulk Weyl points. We mark the distinct topological phases with different colors and the trivial phase N = 0 is not colored.
The zebra-lined areas are nodal line semimetal (see Supplementary Material [42]). The red areas give the FWS phase which
has minimal number of Weyl points, with the chosen parameters being marked as the bull’s eye on each phase diagram.
light read: Ex−y = 2[Exy(yˆ sin k0x − xˆ sin k0y)e−iω1t +
zˆExz(cos k0x + cos k0y)e
−iωzt], where ω1,z are frequen-
cies of different components. In the z direction, a cir-
cularly polarized beam of frequency ω2 forms a stand-
ing wave Ez = (Ezxxˆ + iEzyyˆ) cos k0ze−iω2t. The two
sets of beams generate both lattice and Raman poten-
tials when δω = ω2 − ω1 compensates the Zeeman split-
ting µBgFB/~ in |g↑,↓〉 except for a small two-photon-
detuing δ [Fig. 1(b)] [27, 29, 39–41]. We require the out-
of-plane polarization component of Ex−y (i.e. Exz) not
to contribute to the Raman couplings. This can be read-
ily achieved in experiment by setting ωz to have several
MHz difference from ω1,2, so that the component Exz is
far detuned from the two-photon Raman resonance.
The lattice configuration is tuned by the strengths Exy
and Exz. The in-plane component (Exy) solely gener-
ates a regular square optical lattice along x and y direc-
tion, which is deformed to a new one along the diagonal
x′ = (x−y)/√2 and y′ = (x+y)/√2 directions if tuning
that Exy = Exz = E0/2 [Fig. 1(c)]. The deformed lat-
tice configuration is crucial for the present realization of
3D FWS, with the lattice potential obtained by Vlatt ∝
(E∗x−yEx−y+E
∗
zEz) = −V0 cos k0x cos k0y−Vz cos2 k0z.
Here the lattice depths V0 ∝ E20 and Vz ∝ E2z . Fur-
ther, the two Raman potentials are generated through
two-photon processes by the x (y) polarization compo-
nent in Ex−y (Ez) and y (x) polarization component
in Ex−y (Ez), respectively [Fig. 1(b)], giving M(r) =
M0 cos k0z(sin k0xσx + sin k0yσy), where M0 ∝ EzE0.
Now we arrive at the model Hamiltonian as [42]
H =
[
p2
2m
+ Vlatt(r)
]
I +M(r) +mzσz, (1)
wheremz = δ/2. The relative symmetry between the lat-
tice and Raman potentials can be clearly seen by rotating
pi/4 around z axis, giving Vlatt(r) = −V0
[
cos2(k′0x
′) +
cos2(k′0y
′)
] − Vz cos2 k0z and M(r) = Mx′σx +My′σy,
withMx′ =
√
2M0 sin(k
′
0x
′) cos(k′0y
′) cos k0z andMy′ =√
2M0 cos(k
′
0x
′) sin(k′0y
′) cos k0z, and k′0 = k0/
√
2. As
shown in Fig. 1(c), the Raman potential Mx′ (My′) is
anti-symmetric with respect to the lattice in x′ (y′) di-
rection, but symmetric in other directions. This relative
symmetry, as obtained only for the deformed lattice con-
figuration, is essential for realizing the FWS. Note that
the z = 0 plane reduces to the 2D quantum anomalous
Hall (QAH) model driven by the SO coupling [40, 41].
The Weyl band and phase diagram. The Hamilto-
nian (1) realizes the 3DWeyl semimetal, with the number
of Weyl points being tuned by mz. The Weyl semimetal
band can be easily seen from the tight-binding (TB)
Hamiltonian, while the results are valid beyond the TB
regime. Other than the spin-conserved hopping induced
by lattice potential, the Raman potential Mx′ (My′)
drives spin-flip hopping along x′ (y′) direction, with
the hopping coefficient t
~j,~j±1eˆx′
so = ±i(−1)jx′+jy′+jz tSO
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Figure 2: Construction of 3D Weyl band topology via 2D measurements. (a) Weyl points and the Berry curvature Ω(q).
Red (blue) spheres located at k = (0, 0,±0.4k0) are Weyl points of positive (negative) chirality. Red (blue) arrows and slices
correspond to positive (negative) Ωz. (b1) Spin textures of the lower band on different qz slices (shown from −k0/2 to k0/2).
The band-inversion-surface (BIS) is pictured in a series of white rings, where 〈σz〉g = 0. Inside (outside) the BIS is spin up
(down). (b2) - (b4) 2D Band structures on three particular qz slices: qz = 0.5pi, qz = 0.4pi, and qz = 0. On the qz = 0.4pi slice,
two bands touch at a Weyl point. (c) The qz-integrated 2D spin textures tuned by Zeeman splitting mz, as measurable in real
experiments. This effectively maps out the 3D Weyl band topology and Weyl points, as compared to (b1). The parameters:
V0/Er = 2, Vz/Er = 4, M/Er = 0.586, and mz/Er = 0.288.
(t
~j,~j±1eˆy′
so = ±(−1)jx′+jy′+jz tSO) and tSO being the
amplitude. The staggered sign (−1)jx′+jy′+jz can be
absorbed by a gauge transformation which shifts the
Bloch momentum of spin-down state |g↓〉 by kb =
(k0/
√
2, k0/
√
2, k0) in the three directions [42]. The
Bloch Hamiltonian in the quasi-momentum space reads
H = ∑q cˆ†qH(q)cˆq, where cˆq = (cˆq,↑, cˆq,↓) and
H(q) = (mz − 2t0 cos qx′ − 2t0 cos qy′ − 2tz cos qz)σz
+2tSO sin qx′σx + 2tSO sin qy′σy. (2)
Here qx′,y′ = pikx′,y′/k′0, qz = pikz/k0 are the dimension-
less Bloch momenta, and t0 (tz) is the nearest-neighbor-
hopping coefficient in the x− y plane (z direction). The
above 3D Hamiltonian describes a set of 2D QAH lay-
ers in x − y plane, each with a fixed qz, stacked in qz
direction. The Weyl points are obtained as the topology
of QAH layers changes by varying qz. In particular, the
Weyl points correspond to H(qw) = 0, which requires
that (qx
′
w , q
y′
w ) = (0, 0), (0, pi), (pi, 0), or (pi, pi). Due to
reflection symmetry z → −z, the Weyl points come in
pairs at ±qzw (or none at all). Thus the total number of
Weyl points takes even values from 0 to 8. For example,
in the TB Hamiltonian, when mz = 4t0, the FWS with
two Weyl points at qw = (0, 0,±pi/2) is resulted.
The full exact phase diagram for the Hamiltonian (1) is
shown numerically with different parameters in Fig. 1(d).
The 3D Weyl semimetal phases with N Weyl points are
obtained. In particular, the most important FWS phase
with N = 2 is obtained in a relatively large region, as
marked in red-colored area. For the real experiment,
the numerical results show that an optimal FWS is ob-
tained when the parameters are taken that V0/Er = 2,
Vz/Er = 4, M/Er = 0.586, mz/Er = 0.288, where
Er = (~k0)2/2m is the recoil energy, and the two Weyl
points are located at qw = (0, 0,±0.4pi).
Detection.–How to detect Weyl points from measuring
the 3D Weyl band is challenging but as important as the
realization. The standard momentum-space tomography
and band mapping are applicable to measure the 1D and
2D band physics, while in measuring 3D phases the band
structure of the third dimension is always integrated out
and thus not resolvable. In the following, we solve the
challenge and propose both equilibrium and dynamical
schemes to map out the Weyl band topology and Weyl
points through 2D symmetry-tuned measurements.
Measuring the 3D Weyl band I: equilibrium scheme.–
The Weyl semimetal consists of 2D QAH layers in the
x− y plane, which change topology across a Weyl point
along qz axis. For a QAH layer and with nonzero Chern
number, its 2D bulk band has a band inversion ring in
the qx − qy plane, which is a 1D version of the band in-
version surface (BIS) [43], defined by hz(qx, qy)|fix qz = 0
and having vanishing spin-polarization along z direction
〈σz(q)〉|q∈BIS = 0. Here 〈·〉 is calculated for the lower
band. The qz-sliced 2D spin textures of the lower band
are plotted in Fig. 2(b1), where the band inversion rings
are clearly obtained. When the 2D QAH layers change
topology as the qz varies [see Fig. 2(b2)], the size of the
band inversion ring shrinks to singular points, rendering
the Weyl nodes. Therefore, the Weyl points can be de-
tected if the configuration of BIS or the band inversion
rings versus qz can be measured.
The key observation is that the qz-resolved 2D spin
textures in qx − qy plane can be effectively detected by
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Figure 3: Precise measurement of Weyl points by quench dynamics. (a) Pre- and post-quench bands and spin states. The
Bloch spheres denote the pre- and post-quench spin states of a certain momentum. The spin procession is depicted by a
Larmor-type rotation. (b) Colormap of the spin procession frequency, shown on slices of the 3D BZ. The bottom- and side-
walls shows ωLB in orthogonal projections onto the qx′ − qy′ plane and qx′ − qz plane. Weyl points, being gapless, are captured
by two dark spots. (c) Colormap of the averaged spin polarization over certain time. As presented as orthogonal projection
view similar to (b), it shows the outline of the BIS as red rings on the slice plot and yellow circles on projection plots.
measuring the qz-integrated spin textures with varying
mz, as compared in Fig. 2(b1) and (c), for which the
3D Weyl band topology and Weyl points are mapped
out. First, from the time-of-flight (ToF) imaging, the
qz-integrated 2D spin texture is easily measured, given
by 〈˜σz〉(qx, qy) = 12pi
´ 2pi
0
〈σz(qx, qy)〉dqz. For the 2D layer
with qz = pi/2, the band inversion ring is determined by
the relation mz = 2t0(cos qBx′ + cos q
B
y′). Then, for the
momentum qz = pi/2 + δqz, the effective Hamiltonian
with (qx′ , qy′) = (qBx′ , q
B
y′) reads Heff(q) = 2tz sin δqzσz +
2tSO sin qx′σx+2tSO sin qy′σy, which exhibits an emergent
magnetic group symmetry (M) defined by
M−1Heff(δqz)M = Heff(−δqz), M = σxK, (3)
with K the complex conjugate. This result has an impor-
tant consequence that the two Bloch states |uδqz (qx′ , qy′)〉
and |u−δqz (qx′ , qy′)〉 have the same energy but oppo-
site spin-polarizations along z direction. Thus the
qz-integrated spin-polarization renders that of the M-
symmetric 2D layer with qz = pi/2, i.e. 〈˜σz〉(qx′ , qy′) =
〈σz(qx′ , qy′)〉|qz=pi/2. Finally, tuning mz is equivalent to
scanning qz as 〈σz〉g|mzδqz = 〈σz〉g|mz−∆mzδqz=0 , with ∆mz =−2tz sin δqz. This equals to scanning a virtual momen-
tum qm = ±k0pi arccos
(
∆mz
2tz
)
. The spin-polarization
changes sign across BIS, which is determined via
sgn
(
〈σz〉|mzδqz
)
= sgn
(
〈˜σz〉|mz−∆mzδqz=0
)
. (4)
Therefore, the virtual slices of the fusiform BIS as shown
in Fig. 2(c) by simply varying mz effectively map out the
Weyl band topology and the Weyl points in the bulk.
Measuring the 3D Weyl band II: dynamical scheme.–
We further propose to detect the Weyl points by non-
equilibrium quench dynamics. The system is prepared
in the fully polarized trivial regime by a large mz,
with atoms occupying the |g↓〉 state. As shown in
Fig. 3(a), the Hamiltonian is suddenly tuned to the tar-
get Hamiltonian for FWS phase with small mz. The
quench dynamics in momentum space reads 〈σz(q)〉(t) =
〈g↓eiH(q)t/~|σz|e−iH(q)t/~g↓〉. For the short-term dynam-
ics, with damping effects being negligible, the spin pro-
cession is obtained by [42]
〈σz(q)〉(t) = −〈σz(q〉2g −
(
1− 〈σz(q〉2g
)
cosω(q)t, (5)
where 〈σz〉g is the spin-polarization of the lower band of
post-quench Hamiltonian and the frequency equals the
local band gap, ω(q) = 2|E(q)|/~. The Weyl points cor-
respond to ω(qw) = 0, and can be precisely determined
by projection measurements. First, we project the mea-
surement of 〈σz〉(t) in the qx′-qy′ plane, and measure the
minimal frequency ωLB = min[ω(qz)] with every fixed
(qx′ , qy′), which determines the Weyl point momentum
(qwx′ , q
w
y′) in qx′ -qy′ plane. Further, we project the mea-
surement in the qx′ − qz plane and measure the minimal
frequency ωLB = min[ω(qy′)] with every fixed (qx′ , qz),
determining the Weyl point momentum (qwx′ , q
w
z ). With
the two steps we can determine the full Weyl point mo-
mentum qw. This process is illustrated in Fig. 3(b).
Finally we note that the BIS can also be dynamically
measured by spin dynamics. The time-averaged spin po-
larization 〈σz〉(t) = 1t
´ t
0
〈σz〉(τ)dτ = −〈σz〉2g is negative
and approaches zero only in proximity to the BIS [43].
Similar to measuring the spin procession frequency, one
cannot directly resolve the BIS dynamically in 3D mo-
mentum space, but the projection measurement onto 2D
spaces can be achieved, with the third dimension being
integrated out. Projection to two orthogonal planes, e.g.
qx′ -qy′ and qx′ -qz planes can determine Weyl point num-
ber and momenta in the bulk, as shown in Fig. 3 (c).
5Conclusion.—We have proposed to realize and detect
the FWS based on optical lattice for real experiment.
This work already successfully leads to the experimental
realization and detection of the FWS [44]. Realization
of the FWS opens up a broad avenue to explore with
experimental feasibility the exotic interacting topological
states in this promising platform.
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6Supplementary Material: Realizing and detecting the fundamental Weyl semimetal
phase
In this supplementary material we provide the details of deriving the effective Hamiltonian, which is valid for both
fermions and bosons (e.g. 87Rb atoms), and the techniques for measurement.
I. The Model of Realization
A. Laser Setup
As shown in Fig.1(a) in the main text, two beams forms orthogonal standing wave in the x−y plane, while another
beam forms standing wave in the z dimension. The frequencies of the beams are ω1 for the light Exy, ω2 = ω1 + δω
for the beam Exz, and ω3 = ω1 +∆ω for Ez in the z direction, where δω matches the Zeeman splitting of the two spin
states, µBgFB/~, by a small two-photon detuning δ, and ∆ω is in the magnitude of a few MHz. The polarization of
the beams are as shown in the Fig.1(a) in the main text. We can conveniently write the light fields as
Exz = (zˆExze
ik0x + zˆExze
−ik0y + zˆExzeik0y + zˆExze−ik0x)e−iω3t (S1)
= E0zˆ(cos k0x+ cos k0y)e
−iω3t,
Exy = (−iyˆExyeik0x − ixˆExye−ik0y + ixˆExyeik0y + iyˆExye−ik0x)e−iω1t
= E0(yˆ sin k0x− xˆ sin k0y)e−iω1t,
Ez =
[
Eze
i(k0z−ω2t) + Ezei(−k0z−ω2t)
]
(xˆ+ iyˆ)/
√
2
= Ez(xˆ+ iyˆ) cos k0ze
−iω2t,
where E0 = 2Exy = 2Exz. Here we use Eαβ to represent the laser propagating along α-direction with β-polarization.
The wavenumbers are all denoted as k0 because the frequency difference is comparatively small that no observable
phase difference is accumulated over the propagation length of the laboratory light path. We further denote Ex−y =
Exz +Exy for convenience.
B. Lattice Potential and Raman Field
The spin-independent optical potential for typical detuning ∆ is proportional to light intensity, Vlatt ∝ (E∗x−yEx−y+
E∗zEz)/∆. For detailed calculation, we sum up coupling induced by the σ+/pi/σ− components. Note that the external
magnetic field points in +x direction, so the σ+/pi/σ− components have polarization of yˆ+izˆ2 /xˆ/
yˆ−izˆ
2 , respectively.
The lattice potentials for |g↑〉 and |g↓〉 are deduced as follow
V↓ =
∑
j= 12 ,
3
2
∑
F
1
∆j
(
|Ω(j)↓F,xy|2 + |Ω(j)↓F,yx|2 + |Ω(j)↓F,xz|2 + |Ω(j)↓F,yz|2 + |Ω(j)↓F,z|2
)
(S2)
=
2
3
(
α2D2
∆3/2
+
α2D1
∆1/2
)
(
cos k0x cos k0yE
2
0 + cos
2 k0zE
2
z
)
= −V0 cos k0x cos k0y − Vz cos2 k0z,
where α2D2=˜ 2α
2
D1
are transition dipole matrix elements can be found in [46]. Similarly, for |g↑〉 atoms we also have
V↑ = V↓. The key point here is that our lattice potential is deformed and aligned in the diagonal direction. Only in
this deformed lattice, the following Raman fields have the symmetry we need to realize Weyl semimetal.
The Raman potentialsM(r) are generated by a Λ-type scheme from bichromatic lights Exy and Ez (Exz does not
participate in Raman transitions between the ground states) that couples |g↑〉 to |g↓〉, as shown in Fig. 1(b). It can
7be explained as an effective Zeeman field. For 87Rb atoms, the effective Zeeman field has the following form
M(r) =
∑
j= 12 ,
3
2
∑
F
(
Ω
(j)∗
↓F,zyΩ
(j)
↑F,yx
∆j
+
Ω
(j)
↓F,zxΩ
(j)
↑F,xy
∆j
)
=
(
α2D2
12
1
∆3/2
− α
2
D1
6
1
∆1/2
)(
E∗zy√
2
Eyx + E
∗
zx
Exy√
2
)
(S3)
= M0 cos k0z(sin k0xσx + sin k0yσy).
C. Weyl Hamiltonian
Combining the results of Raman fieldM(r) and lattice potential Vlatt(r), we arrive at the target Hamiltonian
H =
[
p2
2m
+ Vlatt(r)
]
1+Mx(r)σx +My(r)σy +mzσz. (S4)
It is apparent that the lattice potential in the x−y plane is diagonally aligned. To align the lattice with the coordinate
axes, we rotate the axis in the x−y plane by pi/4 such that x′ = (x−y)/√2 and y′ = (x+y)/√2. Under this rotation
in the real space, the Hamiltonian can be write in the square lattice as
H =
(
p2
2m
− V0 cos2 k′0x′ − V0 cos2 k′0y′ − Vz cos2 k0z
)
1+mzσz
+
√
2M0 cos k0z [sin(k
′
0x
′) cos(k′0y
′)σx + cos(k′0x
′) sin(k′0y
′)σy] . (S5)
Here we have k′0 = k0/
√
2 after rotation.
To get a more intuitive understanding of our Hamiltonian, we take it to the tight-binding(TB) picture. Under the
deep lattice limit, the atoms are positioned at the bottom of the lattice sites, while the spin-reserved (spin-flipping)
hopping terms are decided by the inter-site overlap of Wannier wavefunctions (plus Raman potential), respectively.
We observe that the Raman potentials are in staggered superposition over the lattice cells. Therefore, a staggered
gauge transformation U = ei(k
′
0x
′+k′0y
′+k0z)|g↓〉〈g↓| can be applied on the spin-down state as was performed in 2D SOC
system [40]. Then the tight-binding Hamiltonian in the momentum space can be written as
H(q) = h(q) · σ
= (mz − 2t0 cos qx′ − 2t0 cos qy′ − 2tz cos qz)σz + 2tSO sin qx′σx + 2tSO sin qy′σy. (S6)
The band-inversion-surface(BIS) satisfies the equation hz(q) = 0. We can see that the Weyl points should be located
at the intersections of the BIS and one of these four lines along the qz direction: (qx′ , qy′) = (0, 0), (0, pi), (pi, 0), or
(pi, pi). On each line there must be a pair of Weyl points of opposite qz and opposite Weyl charge (or none at all), due
to reflection symmetry of the BIS.
Here we are especially interested in the system that have only two Weyl points, which can be realized in the
conditions |mz| > 2tz or −2t0 < 4t0 − |mz| < 2tz. As an example, under these chosen parameters V0 = 2Er,
Vz = 4Er, M = 0.586Er, we can tune mz = 0.288Er so that N = 2, the only two Weyl points are located at
q = (0, 0,±0.4pi).
E. Nodal-line Semimetal Hamiltonian
For overall blue detuned cases, where ( 2∆3/2 +
1
∆1/2
) is positive, V0 and Vz becomes negative so that the peaks and
valleys of the potential are switched. However, the Raman field remains the same. As the result, the spin-flipped
hopping vanish on the in-plane nearest neighbor couplings, but instead appears on the second-nearest neighbor sites
in the adjacent plane.
To study the properties of a blue-detuned Hamiltonian, we consider its TB limit, Which differs from the red-detuned
case only by the off-plane spin-flipped hopping terms. Following the same staggering transformation, we arrive at the
momentum space Hamiltonian
H(q) = (mz − 2t0 cos qx′ − 2t0 cos qy′ − 2tz cos qz)σz + 4tSO sin qz (sin qx′σx + sin qy′σy) . (S7)
8It is readily seen that the BIS remains basically the same as the red-detuned case, and while the Weyl points are still
located at the intersection points between the BIS and (qx′ , qy′) = (0, 0), (0, pi), (pi, 0), and (pi, pi) lines, the intersection
line(s) of the BIS and the qz = 0 and qz = pi plane are the new gapless nodal line(s).
In general, the nodal line(s) appear alongside the Weyl points in the blue-detuned case, as shown in Fig. 1(d4) in
the main text. In particular, in the TB regime, the number of nodal lines NL and the number of Weyl points NP
should follow the simple relation: 2−NL = |2− NP2 |, in which NL = NP = 0 is the trivial phase.
II. Measuring the 3D Weyl band: Virtual Slicing Technique
There is an equivalent method to scan the qz for BIS measurement: the Virtual Slicing Technique. While a
3D ToF imaging is technically challenging, it is easy to perform a 2D ToF imaging of spin polarization with qz
projected out: 〈˜σz〉 = 12pi
´ 2pi
0
〈σz〉dqz. We prove that scanning qz in 〈σz〉g can be mimicked by tuning mz in 〈˜σz〉g.
First, sgn(〈σz〉g) = sgn(hz(q)) = sgn(mz − 2t0 cos qx′ − 2t0 cos qy′ − 2tz cos qz). Therefore, sgn(〈˜σz〉g) = sgn(mz −
2t0 cos qx′−2t0 cos qy′) = sgn(〈σz〉g|qz=pi2 ) . Second, tuning mz is equivalent to scanning qz, 〈σz〉g|mz−∆mzqz=pi2 = 〈σz〉g|
mz
qz ,
where ∆mz = 2tz cos qz. This can also be understood as scanning a virtual momentum axis qm = ±k0pi arccos
(
∆mz
2tz
)
.
Finally we arrive at
sgn
(
〈σz〉g|mzδqz
)
= sgn
(
〈˜σz〉g|mz−∆mzδqz=0
)
. (S8)
Therefore, the virtual slices of the BIS can be obtained by simply varying mz. Compared to the actual atom slices,
the BIS on these virtual slices are thicker because the cross-over from positive polarization to negative polarization is
smoothed out from the qz integral.
III. Measuring the 3D Weyl band: Quench Dynamics
A. Lindblad Master Equation and Spin Oscillation
To study the dynamic evolution of a given initial quantum state, we use a reduced model of the Lindblad Master
Equation on the tight-binding spin state of a given momentum
ρ˙(t) = −i[H, ρ(t)] + γ
[
L−ρ(t)L
†
− −
1
2
{
L†−L−, ρ(t)
}]
, (S9)
where we take the TB Hamiltonian in Eq. S6: H(q) = h(q) · σ = (mz − 2t0 cos qx′ − 2t0 cos qy′ − 2tz cos qz)σz +
2tSO sin qx′σx + 2tSO sin qy′σy for a given q. Its corresponding eigenstates are |1〉 = sin θ2 |g↑〉 − cos θ2eiφ|g↓〉 for the
lower band eigenstate, and |2〉 = cos θ2 |g↑〉 + sin θ2eiφ|g↓〉 for the upper band eigenstate. Accordingly, we denote the
new ground-state average 〈1|σ|1〉 = 〈σ〉g. In addition, L− = |1〉〈2|, and the pre-quench state ρ(0) = |g↓〉〈g↓|.
The solution to the master equation, in the form of Bloch vector a(t) = 〈σ〉(t) (as shown in Fig. S1(a1)), reads
a(t) = Rz(φ+ pi)Ry(−θ)a′(t), (S10)
where Rk(θ) denotes the elemental rotation matrix around k−axis, θ = arccos(−〈σz〉g), φ = arctan( 〈σy〉g〈σx〉g ), and
a′(t) =
(− sin θe−γt/2 cosωt,− sin θe−γt/2 sinω, (1− cos θ)e−γt − 1)T where ω = 2|h(q)|. Finally we arrive at the
time-evolution of the spin polarization:
〈σz〉(t) = −
(
1− 〈σz〉2g
)
e−γt/2 cosωt+ 〈σz〉g
(
1− (〈σz〉g + 1) e−γt
)
. (S11)
It is in the form of a damped oscillation overlaying an exponential base function, shown as the blue curve in Fig. S1(a2).
The quality factor of the oscillation Q = 2ω/γ.
To average out the effect of the oscillation from the base function, we define time-averaged spin polarization as:
〈σz〉(t) = 1
t
ˆ t
0
〈σz〉(τ)dτ = 〈σz〉g − 1
t
2 (1− 〈σz〉g)
(
(−γ cosωt+ 2ω sinωt) e− γt2 + γ
)
γ2 + 4ω2
+
〈σz〉g(1 + 〈σz〉g) (1− e−γt)
γ
 ,
(S12)
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Figure S1: (a1-a2) Demonstrate the evolution of the Bloch vector and spin polarization under Q = 25. (b1-b3) Illustrates how
〈σz〉(t) on the (projected) Brillouin zone changes with time, while (b1) shows the short-time limit and (b3) shows the long-time
limit.
which damps away much more quickly (shown as the orange/red curve in Fig. S1(a2)), and at Q→∞, converges to
〈σz〉(t) = 〈σz〉g − 1
γt
〈σz〉g(1 + 〈σz〉g)(1− e−γt). (S13)
It is evident that the short-time behavior of 〈σz〉(t) ( 4piω < t < 0.1Qω ) differs from long-time behavior (t > 10Qω ).
In the short- and long- time limit we get 〈σz〉(0) = −〈σz〉2g and 〈σz〉(∞) = 〈σz〉g, respectively. As a result, the
band inversion surface (BIS) is stressed out under projection in 〈σz〉(0) compared to the long-time limit because in
the former case spin-polarization takes negative value over the entire Brillouin zone. In Fig. S1(b1-b3) we illustrate
how the spin-polarization and projected-spin-polarization change with respect to time evolution in the high-Q limit.
This is the advantage of the quench method: in the static spin polarization measurement, the positive and negative
polarizations cancel out each other after projection, covering up the shape of the BIS; while in the the long-time
behavior of 〈σz〉(t), the positive polarization only exist near the BIS, so the outline of the BIS is preserved after
projection, as shown in Fig. S1(b3). From the side- and bottom- projection images, we can recreate the outline of the
BIS in 3D Brillouin zone.
B. LB Energy Spectroscopy
In comparison to the static measurements, the quenching method is clearly more informative as it utilizes the time
domain. Thus it offers higher resolution on the energy axis, and provides essential information on the stucture of the
BIS and location of the Weyl points with the projected 2D ToF image alone. One of the ways one can make use of
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Figure S2: (a) Frequency spectrum of certain points in the projected kx′ − kz plane at Qmax = 50. Each spectrum curve has
two peaks, where the left(right) peak corresponds to the lower(upper) bound frequency along the projection line. (b) Colormap
of the Larmor frequencies. The bottom- and side- walls shows ωLB in orthogonal projection. Weyl points, being gapless, are
presented as two dark spots. The white dots on the side projection corresponde to the spectra curves in (a). As we move away
from the projection of Weyl points in the order of P1 → P6, the signal-strengths of the peaks of the spectra curves gradually
lower while their frequencies increase.
the real-time evolution is by marking out the lower-bound frequency of Larmor frequencies on all the points along a
projeciton line - we call this method the lower-bound(LB) energy projection spectroscopy - which roots in the linearity
of Fourier transformation.
In Fig. S2(b), the frequency projection images of the 3D Larmor frequency plot are shown as orthographic projections
on the side- and bottom- walls, or the qx′−qz and qx′−qy′ plane, respectively. Fig. S2(b) demonstrates how to obtain
ωLB using the qy′ -projected imaging in the qx′ − qz plane as example. First, one can obtain a amplitude-frequency
(A˜ − ω) curve for every point on the qx′ − qz plane by performing a Fourier transformation on the (projected) spin
polarization oscillation data (here we introduce damping in the system so that the highest Q is ∼ 50).
A˜(ω) = F
[
1
2pi
ˆ 2pi
0
〈σz〉(t)]dqy′
]
=
1
2pi
ˆ 2pi
0
F [〈σz〉(t)]dqy′ . (S14)
What we get essentially is a summation of all the frequency-response curves along the qy′ dimension, which results
in peaks at the lowest and the highest frequencies along the integrated line. This is due to the fact that projection
doesn’t change frequency, but instead highlights the lowest and the highest frequency responses because the density
of states at these frequencies are infinity (in theory, the two peaks of each frequency spectra curve should be infinitely
tall and narrow, but the damping in the oscillation widens the peak-width). From the LB projection plots, we can
straightforwardly mark out the position of each individual Weyl points, as the energy difference vanishes. Because
the bands are essentially smooth, we can also infer the linear dispersion around the Weyl point from the linearity of
the projected LB energy difference.
Points in some areas (separated by white lines in Fig. S2(b)) on the corners of LB frequency projection plots may
have uncertain ωLB at the presence of noise because their LB peak signal is not obvious - such as the P6 curve in
Fig. S2(a) - rendering these areas unresolvable. However, by cross-examining with the shape of the BIS in Fig. S1(b),
we know that these low signal-to-noise-ratio areas are far from the BIS, and thus do not contain any Weyl points.
Note that compared to the LB frequency projection, the maximal spin polarization projection images are deduced
more straightforwardly. Unlike frequency which is remained after projection, projection averages out the spin polar-
ization.
